As the world's largest economy, the U.S. needs a lot of material input, to realize the sustainable development of its economy. Copper has excellent physical and chemical properties, widely used in various fields, which makes copper stock-in-use continue increasing. What is the trend of copper stock-in-use and which is the driving of the consumption of copper in the U.S.? Is there any relationship between the economic development index and the copper stock-in-use? In this paper, the average service life method and the method of depreciation of fixed assets are adopted to answer these questions. The results demonstrated that: (1) the total copper stock-in-use was a relative smooth trend during 1985-2015 in the U.S., and reached its peak in 2007 with 68.9 Mt, the amount of copper stock-in-use was almost at the "saturation" stage since then. (2) Before the year 2000, with the growth of GDP, the per capita copper stock-in-use also increased.
Introduction
Copper is one of the world's most productive and consumeding metals, it covers wide applications including infrastructure, industrial equipment, transport, and other products. Industrialization and urbanization have promoted the natural resources from the lithosphere to human society, which has led to an increase of social stocks. [1] The sustainable use of metals takes not only primary metals in the nature but also recycled metals in society into consideration. Many literatures have been reported about metals in-use stocks. The material stock and flow model was used to analyse both copper and zinc stock-in-use of the Europe in 1994 [2] [3] . A multi-regional material flow analysis (MFA) method was adopted to estimate the stock-in-use of copper for 200 countries in the year 2000 [4] . Besides copper, there are two completely different approaches to assessing the amount of iron and steel in-use stock in Japan [5] , the stock-in-use of aluminum in the U.S. was calculated and made a description about the relationship between in-use stock and GDP [6] . The "average service life method" was applied to estimate both the amount of in-use stock for copper and aluminum and the average age in China [7] , steel [8] .
As the world's largest economy, whether the accumulation of stock-in-use of copper in the U.S. has been "saturated"? Will the consumption of copper still be needed after saturation, and how much will it need to be consumed? According to the hypothesis of this article, we analyzed the situation of U.S. copper stocks between 1985 and 2015 and discussed the results with economic indicators.
Methodology

Definition and Description of Copper Stocks
In general, the life cycle of copper includes several stages: extraction from copper ore, refining, manufacture of copper products, use and waste recovery. In this paper, we simplified the consumption between the year (t-Δt) and t, constituting the stock-in-use in the year t. In theory, copper products will be scrapped after the lifetime and recovered as secondary resources.
Various shapes and forms of import and export of copper consist of the total amount of import and export of refined copper; the import data does not include all the semi-finished products. For different types of copper contained products, they flow into use stage, then they flow out after the service life [9] . Eq. (1) can be used to calculate the amount of in-use stock in a random time period:
(1) where t 0 represents the initial time, t is the current time, and S(t0) represents the current stock of the initial time, M in (t) is the flow into use in the year t, M out (t) denotes waste flow, out of from inuse stock in the year t; and S(t0) represents the existing stock at the initial stage.
It is easy to understand that in the socioeconomic system, the in-use stock will change over time. According to the "average service life method", the average service time of copper contained final products in the year t is set to Δt years. The stock-in-use of copper S t in the year t showed as Eq. (2): (2) where is the in-use stock of copper for the year t in the U.S.; represent the values of copper consumption for the year t, (t-1), ..., (t-Δt+1) respectively.
Compared with the "average service life" method, the "fixed assets depreciation" method is applied for analysis of the depreciated copper stock-in-use [8] . Depreciation is the cost of the asset use process, the loss of assets or the reduction in historical value resulting from the use. In the analysis of economic indicators, the concept of "depreciation" is used to analyse the service life of metal products and to deal with their value differently depending on the length of service life. As the "average service life method", the average service time of copper contained products in the year t is set to Δt, according to the normal distribution; the depreciation span of these products should be 2Δt. The annual rate of depreciation is 1/2Δt. So, the depreciated copper in-use stock ( ) in the year t can be calculated in Eq. (3): ,
where represents the depreciated stock-in-use of copper in the year t of the U.S, and Mt, M t-1 , M t-2 , M t-2Δt+1 are the copper consumption in the year t, (t-1), (t-2), …, (t-2Δt+1) respectively.
According to the consumption structure of copper products, their service life is not the same, weighted average method was used to determine the average service life of copper products eventually for 30 years (Table 1) . Consumer and general products 10 11
The average lifespan of copper products 30
Data Sources
The data of the consumption of refined copper comes from the USGS official data [12] . Import or export data refers to imports from the U.S. (or export) to (from) the number of refined copper imports of various shapes and forms, including both primary copper (copper with copper ore smelting directly get) and secondary copper (extraction of copper from copper scrap products).
Copper production, consumption and other data sources are from the U.S. Bureau of Mines, USGS, the World Bank database [13] . Some data were directly obtained from statistics in historical records; others were derived from some published literature [9, 11, 14] , GDP, and GDP per capita is gross domestic product divided by the population at the middle of the year. Data are in constant 2010 prices local currency. In addition to special instructions, the unit used in this paper is Gg.
Results
The Quantity of Copper Stock-in-use
According to the "average service life method", and the Equation (2), (3), the stock-in-use of the U.S. during 1985-2015 are shown in Fig. 1 . The depreciation of copper stock-in-use is also considered at the same time. From 1985-2015, the stock-in-use of copper had increased, after the year 2000, the growth rate of stock-in-use is lower than the previous stage. The total amount of stock-in-use reaches peak, about 70 Mt in 2008. From that time, the in-use stock keeps constant and has a slightly decrease. In comparison, Zeltner et al. reported that the amount of copper in-use stock in the U.S. was about 70 Mt in 1990 [14] , which is greater than our estimate of 57 Mt in 1990 and close to the estimated value in 2007, this difference may be caused by the different assumptions and calculation methods, Spatari, et al. estimated the in-use reservoirs throughout the 20th century was about 70 Mt in North America [15] .
The values of actual copper stock-in-use is larger than the depreciated copper stock-in-use, and it accounts for more than 90% of the total stock, in particular, the proportion of depreciation copper in-use stock was about 93% of the total after 2000. From Fig. 2 after 2000 , the total stock-in-use of copper in the United States had some small fluctuations, but the whole trend was tending to an approximate saturation state. At the same time, while the consumption of refined copper declined slightly, it remained at an average of about 1800 Gg per year, in theory, consumption will no longer be needed while the stock has reached saturation, but we found an interesting phenomenon, the stock of copper in the United States reached a plateau, or saturated, and still needed a considerable amount of refined copper consumption each year. The reason may be that the copper in-use stock is not static, the copper products consumed before will continue to generate depreciation, and new consumption will be required to balance the depreciation, so that the system is maintained in a relatively stable state. 
Quantitative Analysis of Copper Flows and Stock-in-use per Unit of GDP
The index of copper intensity (consumption intensity, production intensity, etc.) measures the amount of copper that produces a unit of beneficial output, such as GDP, depending on the purpose of the analysis. Economic forecasts are widely used, a popular framework for analyzing metals use named Environmental Kuznets Curve (EKC) [16] , has been widely used to plotting materials intensity indicators. As shown in Fig. 2 , both primary production and apparent consumption of copper in unit GDP were calculated. Both the general trend of the two is declining, along with the growth of the GDP, but there are some deviations, primary production per unit of GDP is entering a sharp decline in orbit, both began to fall at the same time, but the slope of apparent copper consumption than the main production more smoothly. Different ways may be structural changes in the copper cycle caused by a variety of causes, such as increased secondary material sharing and imports of more copper contained products. The GDP during 1985-2015, was at the stepped in increases, except for the hiatus in the year 2009. The stock-in-use per capita reached its peak value was about 234 kg/person. Before the year 2000, the declining consumption trends lead to stable per-capita copper stock for the U.S. Although gross domestic product is growing much faster than the copper used per capita, copper stocks have not been reduced by the year 2000.
Developed countries, as the United States, Britain, France, etc., have been completed their industrialization process, and in-use copper quantities have stayed almost constant. But for these developing countries, such as China and India, which are in the process of industrialisation, copper stock-in-use is showing rapid growth, because they need lots of copper to put into society to support infrastructure construction and economic development, it still takes a few years to reach a relatively stable phase. In some studies, showed a steady increase in the material input per capita with the GDP per capita increased, in accordance with the U.S. data showed in Fig. 3 , especially before the year 2000, with the growth of GDP, the per capita copper in-use stock had an increase too.
Conclusions
In this paper, the quantity of copper stock-in-use during 1985-2015 in the U.S. was calculated. The copper stock-in-use had grown since the 1985 and in 2007 reached its peak value 68.9 Mt. During the entire period, the depreciated copper stock is less than the copper stock used. The relationship between the copper flow, copper stock and GDP were also analyzed. The GDP had increased faster than the copper in-use stock, but the stock-in-use keep increase over 1985-2000. GDP generated of unit depreciated copper stock-in-use indicated the use efficiency of copper stock-in-use continually increased since 1985, except for a small fluctuation in 2010. Refined copper consumption, on the other hand, has a somewhat different relationship to GDP, along with the growth of the GDP, the trend of copper apparent consumption in unit GDP is declining. Different ways may be structural changes in the copper cycle caused by a variety of causes, such as increased secondary material sharing, and imports of more copper contained products.
